Abstract: Activated carbon derived from pine cones waste was prepared by carbonization at 450 • C, activated by different activating agents: ZnCl 2 , H 2 SO 4 and NaOH, and then pyrolyzed at 600 • C. Adsorption of Cr VI and other heavy metals (Mn II, Fe II, Cu II) on activated carbons was investigated to evaluate the adsorption properties. Special attention was paid to the effects of carbon surface functionalities that were analyzed by FT-IR and zeta potential study. Moreover, XRD study of activated carbon was also carried out. Results had shown that activated carbon by NaOH was the best adsorbent for removal of chromium VI from wastewater. The solid-solution interaction was determined by analyzing the adsorption isotherms at room temperature at different pH. When pH is above 4, the removal fraction of Cr (VI) ions decreased with the increase of pH. The removal fraction of Cr (VI) ions decreased below pH 4. The preferable removal of Cu (II) over Mn(II) and Fe (II) could be due to its lower affinity to solvent.Pseudo-second order equation provided the better correlation for the adsorption kinetics data. Equilibrium isotherms were determined by Fowler-Guggenheim model.
Introduction
Heavy metal pollution is a global issue, although severity and levels of pollution differs from place to place. At least 20 metals are classified as toxic with half of them emitted into environment in concentrations that cause great risks to human health. Severe effects include reduced growth and development, cancer, organ damage, nervous system * E-mail: bachar.kobaissy@ul.edu.lb damage, and in extreme cases death [1] . This is mainly due to their persistency and tendency for bioaccumulation in several of the components of the ecosystem [2] . To prevent heavy metal pollution, it is important to apply effective purification processes of wastewaters. Conventional methods like precipitation are unfavorable especially when dealing with large volumes of matter which contains heavy metal ions in low concentration. Typically these ions are precipitated as hydrated metal oxides or hydroxides. Precipitation is accompanied by flocculation or coagulation, and one major problem is the formation of large amounts of sediments containing heavy metal ions [3] . By ion exchange either all ions can be removed from a solution or substances are separated. Adsorption technology is presented to be one of the most promising methods to this end [4] [5] [6] . Activated carbons to remove heavy metals are currently produced from a variety of starting materials such as wastes and agricultural residues [7] [8] [9] [10] [11] , and polymers [12, 13] and mixed solid waste [14] and rubber wood sawdust [15] . Nowadays, there is a great interest in finding inexpensive and effective alternatives to the existing commercial activated carbon [16, 17] . Activated carbons obtained from these precursors may show physical, chemical and adsorption properties [18] . It has a porous structure consisting of a network of interconnected macropores, mesopores, and micropores due to the high surface area and the surface chemistry such as polarity, ionic nature, functional groups [19, 20] . Actually, lignocellulosic residues from agricultural waste can be considered as the most appropriate precursors for low cost and effective activated carbons [21] . Surface properties of activated carbon have been shown to play an important role in the adsorption process due to the presence of various functional groups on the carbon surface [22, 23] . Chemical activation has become widely applied because of its lower activation temperature and high carbon product yield as compared to physical processing. The most commonly used chemical activation agent is H 3 PO 4 [24] , but NaOH and ZnCl 2 is also used on a relatively small scale [25, 26] . U. Beker and H. Dertli [26] showed that activation with ZnCl 2 reduced the surface area of the carbon samples activated with the increasing ZnCl 2 ratios. Both activation chemicals (ZnCl 2 and KOH) promote bond cleavage reactions and formation of acidic functional group cross-links within the precursor structure. The reason is the low level of porosity where progressively increasing amount of activation chemical takes place as more oxygen functional group is incorporated into the impregnated char samples. Moreover, R. Baccara and J. Bouzida [27] had proved that the surface area of the sorbent increases first rapidly (from 716 to 1020m 2 g −1 ) with an increase of acid concentration from 35 to 60% H 3 PO 4 , a concentration of 60% H 3 PO 4 seemed to be the most suitable for the development of a high specific surface area of the adsorbent material. Several researchers had established that in the case of H 3 PO 4 activation of other agricultural materials (woods, coconut shell, date pits, grain sorghum), temperatures neighbouring 45
• C were also suitable to obtain optimal properties of the activated carbons [28] . The aim of this study was to prepare activated carbon from pine cones as an adsorbent for heavy metals from aqueous solution. Preparation was done by carbonization at 450
• C, activation by using activating agents (NaOH, ZnCl 2 and H 2 SO 4 ), and pyrolysis at 600
• C. Moreover, the prepared activated carbons were characterized by FT-IR, zeta potential and XRD analysis, then heavy metals adsorption and effects of its properties, and effect of pH on adsorption were investigated. Equilibrium isotherms were determined by Fowler-Guggenheim model. Adsorption kinetics of some heavy metals onto activated carbon were also analyzed and it was found to fit the pseudo-second order model.
Experimental part

Adsorbents preparation
A mixture of precursor as dry was placed into a muffle furnace at room temperature. The temperature was increased to 100
• C at the rate of 10 • C/min, and maintained at this temperature for 1 h. Then the temperature was increased to 450
• C and maintained at this temperature for 2h. At the end of this step, the mixture becomes a black sticky solid. Then the raw materials 1g was mixed with 0.2 mole of activation reagent. The solid obtained was heated to final temperature 600
• C with a ramp rate of 5
• C/min. After reaching the desired activation temperature, and maintained at this temperature for 2h. The mixture was removed from the furnace and allowed to cool to room temperature in air. After cooling to room temperature, the activation mixture was washed several times with hot distilled and deionized water. Then the sample was rinsed with distilled and deionized water until no activation reagent could be detected. After the washing process, the sample was dried at 110
• C in an oven for 12 h. 
Chemicals
K 2 Cr 2 O 7 ,
Analysis
The X-ray powder diffraction patterns were recorded on a Bruker D5005 AXS diffractometer using Cu Kα radiation. Typically, the diffractograms were collected at angles 2θ = 5 -75
• . N 2 adsorption-desorption isotherms were measured using a Tristar 3000 V6.04A apparatus from Micromeritics. Extracted samples were dried at 90
• C before analysis and then kept for 12 h at 250
• C under vacum. The surface area was calculated using the BET method. The pore volume was determined from the amount of N 2 adsorbed at P/P 0 = 0.98. The surface functional groups and adsorptive form of heavy metals were identified using IR spectroscopy. The measurements were recorded using a Bruker IFS66S with a Bruker SpectraTech Baseline DRIFT module, for doing DRIFT (Diffuse Reflectance Infrared Fourier Transform) spectra. DRIFT spectra were recorded between 4000 and 600 cm −1 .
Adsorption experiments
Adsorption experiments were carried out using the batch method for different metals concentrations. For each flask, a fixed amount of adsorbent was added to 100 mL of solution. The initial pH of the solution was adjusted using 1 mol/L HCl or NaOH solutions to pH between 2 and 10. The flasks were agitated and incubated in an incubator shaker until reaching equilibrium. Samples were taken from the flasks at regular time intervals for analyzing the concentration metals in the solution. The residual amount of metals in each flask was investigated using The amount adsorbed of the adsorbates can be calculated by the following equation:
Q: amount adsorbed (mg.g −1 of adsorbent).
Theoretical model
Batch reactor
The adsorption of heavy metals on adsorbents takes place in aqueous phase using a buffer solution to stabilize the pH. However, the use of a single-component model has been successfully used to describe adsorption of heavy metals.
The Fowler-Guggenheim model follows equation :
where K is the equilibrium constant for adsorption of the adsorbate on an active site (L/mol); C is the concentration at equilibrium adsorption (mol/L); ω is the empirical interaction energy between two molecules adsorbed on nearest neighboring sites; R is the ideal gas constant (8.314
and θ is the fractional coverage of the surface. FowlerGuggenheim equation is one of the simplest equations
taking into account the lateral interactions. This model is based on the hypothesis that interaction energy is constant and independent of the surface fractional coverage θ, and hence the number and distribution of adsorbed molecules [29, 30] . ples have also been characterized by nitrogen adsorption. The BET surface area and pore volume are measured and presented in table 1. It can be seen that the BET specific surface area seems associated with activating agent nature. The highest value was observed for the adsorbent activated with ZnCl 2 . Representative FTIR spectra of activated carbons were presented in Figure 2 . The broad band located at 3500-3300 cm −1 is related to the OH groups, and the region between 1700 and 1650 cm −1 is assigned to the C=O stretch. While an intensity at 750 cm −1 is ascribed to the vibration of C=C. The transmittance at 1484 cm −1 for NaOH carbon is ascribed to the C-O of carboxylic group and the band at 920 in the ZnCl 2 carbon is attributed to aromatic bond.
Results and discussion
Characterization of activated carbons
The zeta potential measurements were performed on the ZETA-METER DEC device at room temperature in aqueous solutions containing activated carbon by varying the pH in a range from 2 to 8 to determine the surface charge and zero load point (PZC) as the pH necessary to neutralize the surface. The spectra of the zeta potential of different activated carbon are present in Figure 3 . Effect of pH can be described on the basis of zero point of charge (pHzpc), the point which the net charge of adsorbent is zero. The Zero load point (PZC) change by point of zero charge as reported by Rheology Society. When solution pH < pHzpc, activated carbon adsorbent will react as positive surface and as a negative surface when solution pH > pHzpc. According to the results obtained on figure 3 , the values of zeta potential of AC NaOH at different pH are the lowest, so the surface of AC NaOH was more negatively charged than those of H 2 SO 4 and ZnCl 2 , this confirms the results obtained by XRD. Figure 4 shows the variation of amount of Chromium adsorbed at room temperature and at pH=5 with different contact time as a function of initial concentration (from 250 to 1000 mg/L) of Chromium solutions. As seen from Figure 4 , to reach the adsorption equilibrium is sufficient 120 min at low and middle chromium concentrations while 200 min for high chromium concentrations. The increase of the adsorption equilibrium with increasing of Chromium concentration is due to the presence of different types of porous structure on activated carbon structure, and firstly chromium is adsorbed into micropores. The change in the sorption capacity with time is found to fit the pseudosecond-order equation relationship which is based on the adsorption capacity of solid phase. Because this equation is basically based on the sorption capacity, the description of sorption phenomenon suggests that the chemical reaction is rate controlling. Adsorption kinetics describes the rate of adsorbate uptake governing the contact time of adsorption reaction, which is an important characteristic defining the efficiency of adsorption.
Kinetics study of Chromium Adsorption over AC (NaOH)
Intraparticle Diffusion Model
The intraparticle mass transfer diffusion model was proposed by Weber and Morris [31] . In this model the fractional approach to the equilibrium changes according to a function:
qt : adsorption capacity of zeolite at t, m : adsorbent mass (g), V : solution volume (L), K w diffusion constant of intra-particular (from Weber and Morris), t : time It can be demonstrated from Figure 5 (a) and Table 2 that other adsorption mechanisms than internal diffusion contribute in the interactions between chromium and activated carbon. The two-phase plot suggests that the adsorption process proceeds by surface sorption and intraparticle diffusion. Activated carbons possess two types of pores and thus present two-phase intraparticle diffusion.
Pseudo first-Order Kinetic Equation
It was first proposed by Lagergren in 1898 [32] to determine the kinetic process of liquid-solid phase adsorption. The common form of the equation is:
The integrated form of the differential equation becomes ln(qe−qt) = lnqe−Kt In Figure 5 (b), adsorption kinetics of Chromium on activated carbon at different concentration at 298 K has been depicted. The parameters are calculated from the model have been summarized in Table 2 .
Pseudo second-order kinetic equation
The pseudo-second order kinetic equation was proposed by Blanchard et al. [33] The pseudo-second-order kinetic model equation is expressed as follow:
Linear regression is frequently used to determine the best fitting kinetic model, and the method of least squares is used for finding the parameters of the kinetic models. If second-order kinetics is applicable, the plot of t/q against t should give a linear relationship, from which q e and K can be determined from the slope and intercept of the plot and there is no need to know any parameter beforehand. The pseudo-second-order kinetic model obtained for Chromium sorption at various concentrations showed better correlation of result than the pseudo-first-order equation model and internal diffusion (figure 5c). The correlation coefficients for the second-order kinetic model obtained at different concentrations were high. The values of K at 250, 500 and 100 mg/l varied from 0.019 to 0.012 g.mg −1 ; .min −1 ;. Higher rate of metal sorption in the beginning could be due to the presence of the active site in the activated carbon, available for the sorption of metals. From the results, it is also seen that the equilibrium adsorption from the pseudo-second-order model is close to the experimental data, suggesting the better application of the second-order kinetics.
Adsorption of Chromium over different types of activated carbon adsorbents
In order to study the influence of the chemical activation agent on the adsorption capacity of Chromium, various experiments were carried out using activated carbon as an adsorbent with different chemical activation agent (H 2 SO 4 , NaOH, ZnCl 2 ). The characteristic properties of these adsorbents are summarized in the Table 1 . The experiments were performed in batch conditions at room temperature and under atmospheric pressure in the concentration range of 0.05-1g/L and the results obtained are presented in figure 6 . A large difference in adsorption capacities over these different materials has been observed. The adsorption capacity showed higher efficiency over the carbon activated by NaOH. This result may be explained by the highest basicity for adsorbent activated by NaOH in comparison with the two other adsorbents (table 3) . In liquid adsorption on solids the role of surface functionalities increases significantly relative to the pore size distribution or SBET, and in many cases dominates [34, 35] . The values determined from the FowlerGuggenheim model are reported in Table 3 .
A good correlation was found between these parameters and the results obtained: the interactions constant K, between the adsorbent and the adsorbate, was more important over AC NaOH. On the other hand, the interaction energy between adsorbed molecules (W) is lower on the AC H 2 SO 4 . tannin-immobilized activated clay [38] 24.09 chitosan-coated fly ash [39] 33.63 activated carbon prepared from apricot stone [40] 34.70
Activated carbon [41] 13.9 termite nest [42] 3.75 Rhizopaus nigrificans [43] 123.45 nano-Mg/Al hydrotalcite [44] 85.9 Hazelnut shell activated carbon [45] 170 This study 142 
Effect of pH on Chromium adsorption over AC NaOH.
It is well known that pH could affect the protonation of the functional groups on the adsorbent as well as the adsorbate. The effect of pH on Chromium adsorption capacity is shown in Figure 7 . The experiments were done under different pH values remaining other parameters constant. It is observed that the chromium removal efficiency was optimum at pH 4.Then the adsorption capacity decrease in strong acid medium and at neutral pH (pH=6.5), and became almost zero at pH 9. The best adsorption takes place at acidic pH, where the predominant species at pH <6.5 is HCrO 4 − pKa(HCrO 4 − /CrO 2− 4 ) = 6.5, whereas at pH> 6 .5, the predominant specie is CrO
2− 4
. At pH > PZC the surface is basic and the adsorption on AC (NaOH) is due to an interaction between the acid adsorbate and the basic adsorbent. Based on FTIR and XRD results, we demonstrate he presence of CxO at the surface which, it is at the origin of the interaction between carbon and water. At very acidic pH, there may be a hydrolysis reaction with water leads to the formation of a positive charge on the surface through a mechanism:
This explains in purchase of charge on the surface which can facilitate the attraction of opposites charges at acidic pH according to two mechanisms:
While at basic pH, the negative charge is predominantly on the surface. So we can explain the decrease in adsorption at pH > 7 by the electrostatic repulsion between the excess negative charge on the surface and the basic species CrO
. On the other hand at pH=2, a part of HCrO 4 − converts to H 2 CrO 4 and the adsorption decreases due to electrostatic repulsion between C − x 2+ and H 2 CrO 4 .
Mechanism of Chromium adsorption
The sorption mechanism of Chromium VI on FAU zeolite has been investigated using Infrared spectroscopy. The infrared spectra of activated carbon and Chromium occluded state in activated carbon are presented in Figure 8 . The spectra of activated carbon exhibit a broad absorption band between 3246 and 3471 cm −1 ; due to bonded OH stretching vibration which is shifted to 3260 and 356cm −1 ; may be due to complexation of OH groups. The peak at 1411 cm −1 has been shifted to 1490 cm −1 ;, and may be due to the interaction of Cr (VI) with carboxylic group. Table 4 shows the parameters for heavy adsorption over different materials collected from the literature, the data of table 4 is sorted by adsorption capacity Qads at equilibrium. These maximum sorption capacities are also considerably higher or lower than those of some other sorbent materials reported in literatures. These outstanding sorption capacities for Cr VI places Activated carbon prepared from pine waste as one of the best adsorbents for these metallic ion removal from aqueous solutions. Figure 9 shows Fe (II), Mn (II) , Cu (II) and Cr (VI) sorption by AC at different initial metal concentration and at pH = 6.5 and ambient temperature. The removal efficiency of heavy metal ions by the activated carbon decreased in the order: Cr VI > Cu II > Fe II > Mn II. It has been shown that the surface of activated carbon at a pH close to 7 is considered as a negative surface charge, so the good adsorption of metals due to electrostatic interactions between the positive metal charge and the negative surface charge. Their electrode potential: HCrO 4 − > Cu(II) > Fe(II) > Mn(II). The greatness order above, HCrO 4 − complexes more and rapidly with unshared electron pairs of oxygen of carbonyl groups of MCR. Our experimental results are consistent with this. On the other hand, the amount of adsorbed Mn(II) is small, and because of Mn(II) has higher affinity to solvent, it is less and slowly adsorbed on activated. In the other words, looking into pKh values of Mn(II), Fe (II) and Cu(II) given in Table 5 , Mn(II)'s value are greater than Fe (II) and Cu(II)'s values. Mn(II) has higher affinity to solvent and lower affinity to activated carbon surface than Fe (II) and Cu(II)So, Cu(II) ions are adsorbed more on surface.
Comparison of Chromium adsorption capacity of different adsorbent
Adsorption of different metals over AC NaOH
Conclusion
Activated carbon prepared from pine cones, an agricultural waste, could be used as potential adsorbent for the removal of heavy metals from aqueous solutions. Sodium hydroxide appears to be a better activation agent in terms of adsorption capacity. The operating parameters, pH of solution and concentrations of heavy metals have tremendous effect on the adsorption efficiency of Cr (VI). Values of adsorption constants show that heavy metals are easily and rapidly adsorbed by AC NaOH according to following order: Cr (VI) >Cu(II) > Fe(II) > Mn(II). This result most probably arises from the differences between the hydrolysis constants, electrode potentials and the electrostatic charge of heavy metals on solutions. Adsorption equilibrium isotherms were satisfactory represented by the Fowler-Guggenheim isotherm. The kinetic data of the adsorption process are best fitted with pseudo-second-order kinetic model. The FTIR spectroscopic analysis confirmed that the carboxyl of the adsorbent surface was involved in the adsorption.
